Cytochromes and Krebs cycle enzymes are not detected in bloodstream forms of Trypanosoma brucei but are present in procyclic forms. We have analyzed transcription of mitochondrial sequences which contain the apocytochrome b gene and several other open reading frames (ORFs) . Multiple transcripts map to individual DNA sequences located on both DNA strand3. Larger low abundance transcripts map to multiple ORFs and may be precursor RNAs. Small abundant transcripts map to G+C rich sequences that do not have obvious protein coding functions. The larger of two presumptive apocytochrome b transcripts is strikingly more abundant in procyclic than bloodstream foVms and other nltochondrlal transcripts are also differentially abundant between these two forms. In addition, many mitochondrial transcripts appear to be differentially polyadenylated between bloodstream and procyclic forms. We suggest that the mechanisms which regulate the production of the mitochondrial respiratory system in T\_ brucei involve differential expression of mitochondrial genes.
INTRODUCTION
The cellular differentiations that constitute the life cycle of the protozoan parasite Trypanosoma brucei entail dramatic metabolic changes including facultative production of the mitochondrial cytochrome mediated respiratory system. Krebs cycle enzymes and cytochromes are not detected in bloodstream forms (BF) which exist in the mammalian host and are dependent on glycolysis for energy production. Upon passage to the insect host or appropriate culture conditions, BF differentiate into procyclic forms (PF) which contain a fully functional mitochondrial respiratory system (1, 2).
The unusual mitochondrial DNA of T\_ brucei, which is called kinetoplast DNA (kDNA), is a concatenated network that is composed of about 50 identical -22 kilobase (kb) maxicircles and about 5000 divergent, 1 kb minicircles (1, 2) . While the function of minicircle3 remains uncertain, recent studies have shown that the maxicircles have sequences related to those of other mitochondrial DNAs. The T. brucei maxicircle encodes mitochondrial rRNAs (3) and components of the mitochondrial respiratory system (4-8, Ja3mer, et al., submitted), as does the maxicircle of the related trypanosomatid Lelshmanla tarentolae (9) . The observation that mutants with natural (10) or laboratory induced (11) deletions of maxicircle sequences are unable to convert from BF to PF illustrates that the maxicircle is essential to the life cycle differentiation. Surprisingly, although kDNA is not essential to BF, since mutants devoid of kDNA survive well in the mammalian host (11) , the maxicircle is transcribed in both BF and PF (12-14, Jasmer, JJ^ jil., submitted).
In order to investigate the role of maxicircle gene expression in the differentiation of BF to PF, we have examined transcription of a maxicircle region which contains the apocytochrome b (CYb) gene and several open reading frames (ORFs) with unknown functions (4-6). He find that major transcripts map to both DNA strands as do less abundant transcripts which may be processing precursors or intermediates. The CYb transcripts are differentially expressed between BF and PF. Other transcripts are also differentially expressed but with a pattern different from that exhibited by the CYb transcripts. In addition, a smaller proportion of each maxicircle transcript appears polyadenylated in BF than PF. These data indicate that maxicircle genes are differentially expressed during the life cycle of T\ brucel.
METHODS
Organisms. T\ brucel brucei clone IsTaR 1 from stock EATRO 164 was grown as BF and PF and isolated as described elsewhere (15) . BF cells were harvested after three days infection in rats, and were all long slender forms. Cells were frozen in liquid N 2 and stored at -80°C.
Nucleic acid isolation. RNA was isolated according to Ross (16) , with minor modifications. Briefly, cells were homogenized in 6 M urea, 2% SDS, 0.35 M NaCl, 1 mM EDTA, 10 mM Trl3 pH 8, extracted twice with an equal volume of phenol plus a half volume of CHCI3, and once or twice with an equal volume of CHCI3. CsCl was added to the final aqueous phase (1 gm/2.5 ml) which wa3 then layered over 3 ml of 5.7 H C3C1 and centrifuged in a Beckman SW27.1 rotor at 20,000 rpm for 20-24 hrs. The RNA pellet was dissolved in HjO, ethanol precipitated, redissolved in H^, and stored at -80°C. Ollgo(dT) cellulose chromatography was performed according to manufacturer's (Collaborative Research) instructions, except that binding buffer was 0.4 rather than 0.5 M NaCl. Plasmid DNA and 3ingle 3tranded M13 DNA were prepared according to Birnbolm and Doly (17) and Messing (18) , respectively.
Restriction fragments of pTKHR67 and pTKHR40 (13) , plasmld clone3 of the H1R2 and R2H2 maxicircle regions, respectively (see Fig. 2 ), were isolated from gels as previously described (19) .
Gel electrophoresis f blotting, and hybridization. RNA was electrophoresed in 1.5% agarose gels containing 2.2 M formaldehyde (20) and was transferred to nitrocellulose filters (21) or to GeneScreen Plus (New England Nuclear) according to manufacturer's instructions. Plasmid probes were labelled by nick translation (22) . M13 probes were prepared (18) by synthesizing the DNA strand complementary to M13 beyond the insert using M13 hybridization probe primer (Bethesda Research Laboratories, Inc.). Hybridization and washing conditions were as described previously (14) .
DNA sequencing. The nucleotide sequence was determined by the dldeoxy chain termination method (23) and the chemical degradation method (24) as diagrammed in Figure 1 . Plasmid fragments were subcloned into M13 mp8 or 9 following digestion with restriction endonucleases or Bal 31 exonuclease, as described by Payne, ^t al. (8) .
Nomenclature. ORFs with homology to mitochondrial genes of other organisms are given the name of the homologous gene, including the unassigned reading frames (URFs). The term URF is reserved for such sequences while ORFs lacking detectable horaology to mitochondrial genes of other organisms are named ORF followed by a strand designation [I or II indicating the cytochrome £ oxidase I (COI) or II (COII) coding strands, respectively (8) ] and an alphabetic identification. COII is encoded on the sane strand as CYb and the rRNAs.
ORFs IIA, B, C, D, E, and ORF IA, correspond to URFs 6, 2, 2a, 3a, 3, and 4, respectively, in refs. 4 and 7.
RESULTS
The locations of genes Identified by sequence analysis are indicated on the abbreviated restriction map of the T. brucel 164 maxicircle (Fig. 2) . The arrows below the restriction map indicate the direction and extent of sequencing. The * indicates sequence determined by the chemical degradation method (23) to resolve ambiguities due to secondary structure. Ah, Aha III; B, BamH I; Cf, Cfo I; R, EcoR I; Rs, jtea I. Figure 2 . Linearized restriction map of the T^ brucei 16^» maxicircle. The upper map shows the entire maxicircle (13) , and some gene3 identified by sequence analysis (3, 7, 8 , Jasmer, et_ al., submitted). The lower map is an expansion of the -4400 nt region between the B and H2 sites and shows the CYb (4, 6) and ORF IA (7, 8) genes. Two 3ets of overlapping reading frames, ORFs IIB and IIC (B/C) and ORFs IID and HE (D/E) (4-6) are also shown. Arrowheads indicate the direction of transcription. Genes drawn above the line are transcribed from strand II, those below from 3trand I. URF and ORF designations are according to the nomenclature system described in Methods. Ah, Aha III; Al, Alu I; B, BamH I; D, Dde I; H, H_ind III; P, Pst I; R, EcoR I; Sa, Sau3A I. detected as two components, a discrete band and a more diffuse one. Single stranded probes reveal that both the 1650 and 1450 nt transcripts are transcribed from strand I (Fig. 4f,g ). A single stranded probe complementary to probe 4e also detects 1650 and 1450 nt transcripts (unpublished data).
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ORF IA extends 107 nt into the adjacent maxicircle segment (7, 8) and probes containing that sequence also hybridize to 1650 and 1450 nt transcripts ( 14) .
Both ORF IA transcripts are retained on oligo(dT) cellulose (Fig. 5e ),
suggesting that both are polyadenylated. As with CYb, ORF IA probes detect some low abundance transcripts, as discussed below.
The 1650 and 1450 nt transcripts differ in abundance between BF and PF, but, in contrast to CYb, both are more abundant in BF than PF total RNA (Fig. 3e, 4f,g ) . However, ORF IA poly(A) + transcripts are more abundant in PF RNA (Fig. 5e ).
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655-521- Sequence organization between the rRNA and CYb genes The nucleotide sequence for the maxicircle region between the rRNA and CYb genes is presented in Fig. 6a . The sequences up to the BamH I site and from the EcoR I site to the end are identical with those presented by Eperon, e_t al. (3) and Benne, et a_l. (M, respectively, and the sequence between nt 1282 and the EcoR I site is consistent with amino acid sequence presented by Benne, e_t a_l. (5) . Assuming that UGA specifies tryptophan (4-8, Jasmer, et_ al., submitted) and taking 100 amino acids as the lower size limit, we have found two clusters of ORFs in this sequence (Fig. 6b) . No transcripts map to the ORFs from strand I. The ORFs from strand II would encode proteins rich in Single strand nucleotide composition (%) for the rRNA coding strand is given. Nucleotide numbering begins with the first nucleotide of the sequence given in Fig. 6a . For the G+C rich regions, the larger of the G or C composition is underlined.
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glycine and charged amlno acids, which is unusual for mitochondrial proteins (see 4, 5) , and reflects the G+C richness of these sequences compared to other regions of the maxicircle (Table 1) . These sequences also exhibit a strong G versus C strand bias. Two of the ORFs are named ORF IIB and IIC (see Fig. 2 , 6b, and nomenclature section in Methods) since, as described below, transcripts map to those ORFs. Another G+C rich, G versus C strand biased region, containing ORFs IID and HE (see Fig. 2 ), is located between the CYb and ORF IA genes (4, 6) . Similar G+C rich sequences are found elsewhere in the maxicircle (Jasmer, et a_l., submitted).
Transcripts from between the rRNA and CYb genes At least eight transcripts map to the -2100 nt region betweeen the rRNA and CYb genes. Low abundance 1200 and 1000 nt transcripts that are more abundant in PF RNA are seen with a probe flanking the 9S rRNA (Fig. 7a) .
Probes covering the rest of this region also detect a low abundance 1200 nt transcript (Fig. 7b-e) . Probes 7b-d show the 1200 nt transcript as a broad band more abundant in BF RNA (Fig. 7b-d) ; this is more apparent in longer exposures. The 1200 nt transcript detected with the 7e probe is seen as a more compact band which is similar in abundance in both stages. The differences in abundance pattern and the fact that the probes hybridizing to the transcript span more than 1200 nt suggest that multiple 1200 nt transcripts map to thi3 region.
Probes covering -1700 nt, between the BatnH I site and the CYb gene, detect an abundant 850 nt transcript that is slightly more abundant in PF than BF RNA (Fig. 3a, 7b- to hybridize to this set of probes but reduced hybridization to the end probe3 would be expected. While hybridization to probe 7b is reduced, that to 3a i3
quite strong. Again, this suggests distinct but similarly sized transcripts.
The 1200 and 850 nt transcripts are transcribed from strand II, as determined by their hybridization with single stranded probes (Fig. 4a,c,d ).
Transcripts of approximately 850, 700, and 580 nt map to the region containing the 672 and 369 nt ORFs IIB and IIC but the bands appear diffuse, giving the impression of a continuum of sizes (Fig. 3a, 4c,d ). This is not due to RNA degradation since it is seen with numerous RNA preparations which
give relatively compact bands with other probe3. These transcripts are transcribed from strand II (Fig. 4c,d ) and appear somewhat more abundant in PF than BF RNA. The largest of these transcripts may be one of the 850 nt transcripts discussed above.
Transcripts of approximately 620 and 480 nt are detected with probes Nucleic Acids Research adjacent to both sides of the BamH I site (Fig. 7b, unpublished data) ; both are transcribed from strand I (Fig. 4b) . The larger appears more abundant in PF RNA while the smaller is similar in abundance in both life cycle forms. In addition, a 460 nt transcript is detected with a probe flanking the 9S rRNA.
It is distinct from the 480 nt transcript since it is more abundant in PF RNA and is transcribed from strand II (Fig. 7a) . In other blots, the 480 and 460 nt transcripts each appear to be composed of two transcripts (data not shown). These small transcripts are transcribed from the C rich strand of these G+C rich sequences ( Table 1 ). The larger low abundance transcripts in the BF lane of Fig. 4b have not been detected consistently.
Transcripts from between CYb and ORF LA Four transcripts between 760 and 300 nt were detected using probes containing sequences from the -400 nt region between the CYb gene and the ORF IA sequence. This region of the maxiclrcle contains the two overlapping
ORFs IID (255 nt) and HE (303 nt) (4). A probe containing this region detects a prominent 530 nt transcript, a less abundant 760 nt transcript, and low abundance 400 and 300 nt transcripts (Fig. 3d) . The 760 and 530 nt transcripts were observed as diffuse bands connected by a continuum of transcript sizes, like the transcripts immediately upstream of CYb, and are transcribed from strand II (Fig. 4c,e) . Again, the transcripts are encoded on the C rich strand ( Table 1 ). The 530 nt transcript appears similar In abundance in both life cycle stages, the 760 nt transcript may be slightly more abundant in PF RNA, and the smaller transcripts are more abundant in BF RNA. Although we did not detect the less abundant 400 and 300 nt transcripts with single stranded probes, they show differential abundance patterns similar to the ORF IA transcripts, suggesting they may be transcribed from strand I.
Polyadenylation £f transcripts
The major transcripts described above appear to be polyadenylated (Fig. 5) . The presence of mitochondrial rRNA in oligo(dT) bound and unbound fractions was examined as a control. Some of the 1150 and 600 nt rRNA transcripts remains in the bound fraction, but at much reduced levels compared to the 850 nt and small transcripts which are presumably polyadenylated ( The reverse is observed for a 1700 nt transcript which hybridizes to rRNA gene sequences; the poly(A) + fraction contains a discrete higher molecular weight band compared to the wider band seen in total (Fig. 8a ) and poly(A)" RNA ( Fig. 5a ). Maxicircle transcripts appear to be differentially polyadenylated between BF and PF. Within each life cycle stage, the relative abundance of maxicircle transcripts to each other is similar In total and poly(A) + RNA. However, the relative abundance of BF transcripts to corresponding PF transcripts is reduced in poly(A) + RNA compared to total RNA, suggesting that a greater proportion of each transcript is polyadenylated in PF. For example, the 1200 nt CYb transcript is somewhat less abundant in BF than PF total RNA (Fig. 3c, 4c) ; this disparity is accentuated in poly(A) + RNA (Fig. 5c) . The 1650 and 1450 nt ORF IA transcripts, which are more abundant in BF than PF in both total and poly(A)" RNA ( Fig. 3e, 5f ), are more abundant in PF in poly(A) + RNA (Fig. 5e ). Other maxicircle transcripts exhibit similar patterns. Probes for nuclear genes reveal that their transcripts have similar BF versus PF abundance patterns in poly(A) + and total RNAs (unpublished data). Thus, the differential polyadenylatlon is a mitochondrlal phenomenon.
Potential precursor transcripts
Several large low abundance transcripts are seen with probes from this region of the maxicircle. These transcripts are not detected in RNA from mutants devoid of kDNA (data not shown) and thus are not the result of crosshybridization with nuclear transcripts. It is also unlikely that they represent crosshybridization with other maxicircle sequences. Since almost every probe reveals several specific transcripts, crosshybridization would generate recognizable and reciprocal patterns; we have not observed such patterns. The size and mapping data for these transcripts suggests they are possible precursors for some of the transcripts Identified above. Probes containing mitochondrial rRNA coding sequences reveal a less abundant 1700 nt transcript whose size approximates the sum of the two rRNAs. Its apparent absence in the BF lane of Fig. 8a illustrates the lower abundance of rRNA in BF RNA; the 1700 nt transcript is seen in longer exposures.
Two, and sometimes three, large low abundance transcripts (2000, 1650, and 2700 nt, respectively) are detected with probes containing CYb or adjacent sequences (Fig. 3b, 8b,c) . Although we have not detected these transcripts using single stranded probes, based on their sizes, they could be precursors of CYb and perhaps one or more of the adjacent ORFs. The probe in A 2600 nt transcript nay be a precursor to the ORF IA transcripts (Fig. 3e) since it is transcribed from the same strand as ORF IA (Fig. 4g ) and a transcript of this size is also detected with probes from the ORF IA and URF 1 coding sequences from the adjacent H2R3 region (14) . A low abundance 1850 nt transcript is occasionally seen with ORF IA probes, although the strand from which it is transcribed has not been identified (14) . In addition, a low abundance 1200 nt transcript is usually seen with ORF IA probes and is transcribed from strand I (Fig. 4g) . This transcript is enriched in the poly(A) + fraction (Fig. 5e ), but is smaller than the ORF IA coding sequence. Low abundance transcripts that are smaller than the associated ORF have also been observed for other regions of the maxicircle (Jasmer, et^ al. , submitted). Their significance is uncertain.
From the mapping data presented above, we have constructed a schematic transcription map of the region of the maxicircle examined here (Fig. 9) .
The map indicates the approximate locations of transcripts, and shows only one transcript each for the ambiguous 1200 and 850 nt transcripts discussed above. As an organism which resides in two different hosts in various differentiated states, T^ brucel may utilize such subtle forms of control of gene expression to shift rapidly aniong various physiological and developmental states.
We do not know whether one or both predominant transcripts in a set are translated or if they are translated in only one or both stages of the life cycle. As discussed below, greater abundance of transcripts like the larger CYb transcript correlates with production of a functional mitochondrial respiratory system, implying that the larger transcripts are translated.
However, we cannot exclude the possibility that both transcripts are functional.
Differential Expression
An intriguing aspect of the Tj_ brucel mitochondrion is that the cytochrome mediated respiratory system that is present in PF is absent in BF (1, 2). It was somewhat surprising when we (13) and others (12) found that maxiclrcle genes are transcribed in both life cycle stages. We report here that a more subtle mechanism than transcriptional activation or inactivation of the maxicircle appears to regulate the expression of the mitochondrial genome during the life cycle of T\_ brucei. While each gene is transcribed in both BF and PF, specific maxicircle transcripts vary dramatically in abundance between these life cycle stages. We find different expression patterns among maxicircle transcripts, implying independent, although perhaps coordinated, regulatory mechanisms. Furthermore, a3 will be discussed below, the extent of maxicircle transcript polyadenylation varies between life cycle stages. Elucidation of the mechanisms effecting these events remains a challenge for the future.
